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The University of Virginia’s School of Engineering and Applied Science has an undergraduate en-
roliment of approximately 1,500 students with a graduate enrollment of approximately 600. There are 160
faculty members, a majority of whom conduct research in addition to teaching.

Research is a vital part of the educational program and interests parallel academic specialties. These
range from the classical engineering disciplines of Chemical, Civil, Electrical, and Mechanical and Aero-
space to newer, more specialized fields of Applied Mechanics, Biomedical Engineering, Systems Engi-
neering, Materials Science, Nuclear Engineering and Engineering Physics, Applied Mathematics and Com-
puter Science. Within these disciplines there are well equipped laboratories for conducting highly
specialized research. All departments offer the doctorate; Biomedical and Materials Science grant only
graduate degrees. In addition, courses in the humanities are offered within the School.

The University of Virginia (which includes approximately 2,000 faculty and a total of full-time student
enroliment of about 17,000), also offers professional degrees under the schools of Architecture, Law,
Medicine, Nursing, Commerce, Business Administration, and Education. In addition, the College of Arts
and Sciences houses departments of Mathematics, Physics, Chemistry and others relevant to the engi-
neering research program. The School of Engineering and Applied Science is an integral part of this
University community which provides opportunities for interdisciplinary work in pursuit of the basic goals
of education, research, and public service.
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NASA-UVA LIGHT AEROSPACE ALLOY AND
STRUCTURES TECHNOLOGY PROGRAM

EXECUTIVE SUMMARY

The NASA-UVa Light Aerospace Alloy and Structures Technology (LA2ST) Program
continues a high level of activity, with projects being conducted by graduate students and
faculty advisors in the Departments of Materials Science and Engineering, and Mechanical
and Aerospace Engineering at the University of Virginia. This work is funded by the NASA-
Langley Research Center under Grant NAG-1-745. Here, we report on progress achieved
between January 1 and June 30, 1993. These results were presented at the Fourth Annual
NASA-UVa LA2ST Grant Review Meeting held at the Langley Research Center in July of
1993.

The objective of the LA2ST Program is to conduct interdisciplinary graduate student
research on the performance of next generation, light weight aerospace alloys, composites
and thermal gradient structures in collaboration with NASA-Langley researchers. Specific
technical objectives are presented for each research project. We generally aim to produce
relevant data and basic understanding of material mechanical response, environmental/
corrosion behavior, and microstructure; new monolithic and composite alloys; advanced proc-
essing methods; new solid and fluid mechanics analyses; measurement advances; and
critically, a pool of educated graduate students for aerospace technologies.

The accomplishments presented in this report are as follows.

oo Four research areas are actively investigated, including: (1) Mechanical and
Environmental Degradation Mechanisms in Advanced Light Metals and Composites,
(2) Aerospace Materials Science, (3) Mechanics of Materials and Composites for
Light Aerospace Structures, and (4) Thermal Gradient Structures.

oo Thirteen research projects are being conducted by 8 PhD and 5 MS level graduate
students, 6 faculty members, and 1 Research Associate from two departments in the
School of Engineering and Applied Science at UVa. Each project is planned and
executed in conjunction with a specific branch and technical monitor at NASA-LaRC.

oo No undergraduates were recruited to conduct research at NASA-LaRC during the
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Summer of 1993. Three undergraduates are participating in LA2ST research at UVa.
The undergraduate program will be emphasized in 1994.

Accomplishments between January and June of 1993 include 5 journal or proceedings
publications, 1 NASA progress report, 1 NASA Contractor Report, 9 presentations
at national technical meetings, and 5 Dissertations/Theses. Six students graduated
during this reporting period, 5 with the PhD and 1 with the Masters of Science
Degree. The LA’ST totals since 1986 are 68 publications (37 archival journal or
book publications), 13 PhD dissertations or MS theses, 77 external technical
presentations, 14 NASA progress reports and 2 NASA Contractor Reports. Since
1986, 23 graduate students, including 22 citizens of the United States, have been
involved with LAST research; 14 have received the MS or PhD degree. Four post-
doctoral research associates have participated in LA2ST research.

Research on environmenial fatigue of Al-Li-Cu alloys has been completed and the
student successfully defended his PhD dissertation. Fatigue crack propagation kinetics
and microscopic damage modes were characterized for four microstructures of
AA2090, cyclically stressed in vacuum and aqueous NaCl. Microstructural effects
are generally unimportant, particularly for commercial unrecrystallized plate and
sheet, and when considered based on a crack tip strain range parameter. Microscopic
crack paths are near-{111} for fatigue in vacuum and near-{521} for NaCl for each
microstructure; as quantitatively defined by Electron Back Scattering Pattern analysis.
The former is understood based on localized deformation band cracking, while the
latter high index cracking plane is inconsistent with the proposed mechanisms for
hydrogen environment embrittlement in aluminum alloys. (Project 1)

Research on mechanisms of localized corrosion and environmental Sfracture in Al-Cu-
Li-Mg-Ag alloy X2095 and compositional variations suggests that the anodic T, phase
and a Cu-depleted zone may define a pathway for propagation of localized corrosion
and may play a strong role in determining the environmentally assisted cracking
(EAC) behavior of these alloys. Capillary electrophoresis analysis of solutions taken
from Al-Cu-Li alloys exposed to a small volume of NaCl solution indicates the
possibility of an alkaline occluded environment with significant lithium concentration
being generated within a short amount of time. This information will help to refine
the understanding of the electrochemical processes involved in the EAC behavior of
advanced aluminum alloys. (Project 5)
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Research on the effect of zinc additions on the precipitation and stress corrosion
cracking behavior of alloy 8090 demonstrates that low to intermediate (~ 1 w/0) zinc
additions to AA 8090 type alloys increase the resistance to fracture induced by
alternate immersion-time to failure tests, slow rising load SCC tests, and
embrittlement by hydrogen charging. Furthermore, these additions allow the alloy
to maintain this resistance over a broader range of heat treatment, especially the
intermediate age condition. (Project 6)

Research on hydrogen interactions with Al-Li-Cu alloy 2090 and model alloys has
shown that hydrogen significantly affects intergranular fracture processes in underaged
2090 alloys. Thermal desorption spectroscopy has been used to measure trapped
hydrogen in these alloys. Correlation of trapping analysis with the mechanical testing
and fractography will yield a more complete understanding of HEAC for aluminum-
lithium alloys. (Project 7)

Research on metastable pitting of aluminum alloys has identified factors which
promote the transition from metastable to stable pitting for pure Al. Lower micropit
nucleation frequencies at a given CI" concentration, applied potential, and selective
elimination of micropits with high pit current densities are some of the factors which
can contribute to pitting inhibition. This work is enabled by a NASA Graduate
Student Researchers Program Fellowship (Under-Represented Minority Focus).
(Project 8)

Research on the cryogenic fracture toughness of Al-Cu-Li + In alloys is focusing on
a model to describe the progression of fracture in commercial 2090-T81 plate at
ambient and cryogenic temperatures.  Transgranular shear fracture linking
delaminations along grain boundaries crosses numerous grains, regardless of the
apparent orientation of the grains. While both K- and stable tearing resistance
increase with decreasing temperature from 25°C, the largest toughness increase occurs
between -150 and -180°C. (Project 3)

Research on the fracture toughness of Weldalite™ was not conducted during this
reporting period because the graduate student was on leave from NASA-LaRC.
(Project 4)

vii
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Research on elevated temperature cracking of advanced I/M aluminum alloys
demonstrates that K, (from J-Aa) for AA2519 + Mg, 2519 + Mg/Ag and 2650 are
greater than 2618 and RS P/M 8009, all at 25°C. Plane stress growth toughnesses
(K¢ at 25°C) of the two variants of 2519 are superior to that of 2024-T3. K, for
2519 + Ag is independent of temperature between 25 and 175°C, while that of Mg
modified 2519 is maximum at about 100°C before declining at 175°C. K, for each
2519 variant initially increases and then falls as temperature increases to 175°C; plane
stress toughness decreases less rapidly for the alloy with the Ag addition. Microvoid
coalescence is the fracture mechanism for each alloy at all temperatures.

(Project 2)

Research on the response of Ti-1100/SCS-6 composites to thermal exposure indicates
that defects in the material incurred during initial processing cause significant tensile
property degradation following exposure. Fiber-fiber contact and poor matrix-ply
bonding permit much greater environmental attack of the matrix than in materials
without these defects. Well-consolidated composites retain 80 to 90% (transverse and
longitudinal, respectively) of their as-fabricated properties after thermal cycling from
150 to 800°C, 500 times in air. (Project 9)

Research on superplastic Jorming of Weldalite™ has determined the uniaxial
superplastic properties of Weldalite™ sheet for longitudinal and transverse specimen
orientations. Grain size, microtexture, and boundary misorientation measurements
have been performed in an effort to understand microstructural evolution during
forming and its effect on the orientation dependence of superplastic flow properties.
To help interpret the data, a simulative model has been formulated to show how
various deformation mechanisms contribute to microstructural evolution.

(Project 10)

Research to incorporate environmental effects into fracture mechanics Jatigue life
prediction codes such as NASA FLAGRO is progressing in two directions.

+ + Linear superposition does not predict environmental fatigue crack propagation
in the susceptible orientation (SL) and temper (T651) of AA7075 fully immersed in
aqueous NaCl. Measured time-based crack growth rates (plateau da/dt) are too low
to predict either the observed environmental fatigue crack growth rates or the
frequency dependence at fixed AK. Applied crack tip strain rates do not appear to
enhance K5 or da/dt.
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++ Fatigue crack growth rates in Ti-6A1-4V (ELI) increase for aqueous NaCl
compared to moist air, and increase with increasing R for both environments, an
effect accounted for by crack closure. This trend is generally (but not precisely)
modeled by the empirical, closure-modified Newman-Forman equation. Closure
levels depend on AK and R, and are environment sensitive, implying mechanisms
other than plasticity. Increasing R does not enhance intrinsic da/dN for either
environment. Complex da/dN vs AK relationships for moist air and NaCl are not

caused by closure, but are associated with environmental embrittlement.
(Project 11)

Research on thermoviscoplastic behavior of high temperature alloy panels
demonstrated material and geometric nonlinearities. Experiments with instrumented
Hastelloy-X panels provided elastic and inelastic temperature and displacement data
for thermal buckling. An experimental program characterized the viscoplastic
deformation response of Hastelloy-X and 2618 and 8009 aluminum alloys.
Correlation of computational and experimental results for panel buckling has been
initiated. (Project 12)

ix






INTRODUCTION

Background
In 1986 the Metallic Materials Branch in the Materials Division of the NASA-Langley

Research Center initiated sponsorship of graduate student engineering and scientific research
~ in the Department of Materials Science and Engineering at the University of Virginial!l. This
work emphasized the mechanical and corrosion behavior of light aerospace alloys,
particularly Al-Li-Cu based compositions, in aggressive aerospace environments!/>*l,

In the Fall of 1988, the scope of this program increased to incorporate research at
UVa on the development and processing of advanced aerospace materials®. Additional
funding was provided by the Metallic Materials and Mechanics of Materials Branches at
NASA-LaRC. In early 1989 the program was further enhanced to include interdisciplinary
work on solid mechanics and thermal structures, with funding from several Divisions within
the Structures Directorate at NASA-LaRC®, The Departments of Civil Engineering (Applied
Mechanics Program) and of Mechanical and Aerospace Engineering at UVa participated in
this expanded program. With this growth, the NASA-UVa Light Aerospace Alloy and
Structures Technology Program (or LA2ST Program) was formed within the School of
Engineering and Applied Science at UVa.

Since 1989, the LA?ST program has operated with full participation from about 10
faculty and 15 graduate students, as outlined in the last eight progress reports”’-'4 and four
grant renewal proposals!'*'*l. Some contraction in the scope of the LA?ST Program occurred
in 1993, with the elimination of two programs in solid mechanics and thermal structures!!®,
Three 2-day Grant Review Meetings were held in June of 1990, 1991 and 1992 at the
Langley Research Center, with over 25 faculty and graduate students from UVa participating.
Since 1990, undergraduate engineering students have been involved in research projects at
both NASA-LaRC and UVa.

In October of 1991, Dean E.A. Starke proposed a substantial enhancement to the base
LA?ST Program!'®?%, The objective of this supplement is to involve UVa faculty with
engineering scientists from aluminum alloy producers and airframe manufacturers in a broad
research program to develop aluminuﬁ alloys and composites for elevated temperature High
Speed Civil Transport applications. This research began in January of 1992 and the results

are separately reported.



Problem and Needs

Future aerospace structures require high performance light alloys and metal matrix
composites with associated processing and fabrication techniques; new structural design
methods and concepts with experimental evaluations; component reliability/durability/damage
tolerance prediction procedures; and a pool of masters and doctoral level engineers and
scientists. Work on advanced materials and structures must be interdisciplinary and
integrated. The thermal and chemical effects of aerospace environments on light metals and
composites are particularly important to material performance. Nationally, academic efforts
in these areas are limited. The NASA-UVa LAZST Program addresses these needs.

LAZST Program

As detailed in the original proposal® and affirmed in the most recent renewal!'®,
faculty from the Departments of Materials Science and Engineering, Mechanical and
Aecrospace Engineering, and Civil Engineering and Applied Mechanics at UVa are
participating in the LA2ST research and education program focused on high performance,
light weight, aerospace alloys and structures. We aim to develop long term and
interdisciplinary collaborations between graduate students, UVa faculty, and NASA-Langley
researchers.

Our research efforts are producing basic understanding of materials performance, new
monolithic and composite alloys, advanced processing methods, solid and fluid mechanics
analyses, and measurement advances. A major product of the LA2ST program is graduate
students with interdisciplinary education and research experience in materials science,
mechanics and mathematics. These advances should enable various NASA technologies.

The scope of the LAST Program is broad. Four research areas are being

investigated, including:

00  Mechanical and Environmental Degradation Mechanisms in Advanced Light Metals
and Composites,

00  Aerospace Materials Science,
00  Mechanics of Materials and Composites for Light Aerospace Structures,

00 Thermal Gradient Structures.

r



Thirteen research projects are currently ongoing within these four areas and are
reported here. These projects currently involve six faculty, one research associate and
thirteen graduate students. Over one-half the graduate students are currently at the doctoral
level (8 of 13), all are citizens of the United States, one is supported by the NASA Minority
" Grant Program, and three are cosponsored by the University of Virginia Academic
Enhancement Program or private industry. In each case the research provides the basis for
the thesis or dissertation requirement of graduate studies at the University of Virginia. Each
project is developed in conjunction with a specific LaRC researcher. Research is conducted
at either UVa or LaRC, and under the guidance of UVa faculty and NASA staff.
Participating students and faculty are closely identified with a NASA-LaRC branch.

Organization of Progress Report

This progress report first provides LA2ST Program administrative information
including statistics on the productivity of faculty and graduate student participants, a history
of current and graduated students, refereed or archival publications, and a list of ongoing
projects with NASA and UVa advisors.

Thirteen sections summarize the technical accomplishments of each research project,
emphasizing the period from January 1 to June 30, 1993. Each program section contains a
brief narrative of objective, recent progress, conclusions and immediate milestones; coupled
with a set of visual aids presented at the Fourth Annual NASA-UVa LA2ST Grant Review
Meeting held at NASA-LaRC in July of 1993. The agenda of this meeting is presented in
Appendix IV.

Appendices I through III document grant-sponsored publications, conference

participation and citations of all LA2ST Progress Reports. e
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SUMMARY STATISTICS
Table I documents the numbers of students and faculty who participated in the LA2ST

Program, both during this reporting period and since the program inception in 1986.
Academic and research accomplishments are indicated by the degrees awarded, publications
~ and presentations. Specific graduate students and research associates who participated in the

LA?ST Program are named in Tables II and III, respectively.

TABLE I: LA’ST Program Statistics

Current Cumulative
1/1/93 to 6/30/93 1986 to 6/30/93
PhD Students--UVa: 7 15
--NASA-LaRC: 1
MS Students--UVa: 4
--NASA: 1 1
--VPI: 0 ' 1
Undergraduates--UVa: 3 9
--NASA-LaRC: 0 11
Faculty--UVa: 6 11
--VPI: 0 1
Research Associates--UVa: _ 1 4
PhD Awarded: 5 10
MS Awarded: 1 4



TABLE I: LA’ST Program Statistics (continued)

Current Cumulative
1/1/93 to 6/30/93 1986 to 6/30/93
Employers--NASA 1 2
--Federal: 1 3
--University: 1 1
--Industry: 2 4
--Next degree: 0 2
Publications: 5 68
Presentations: 9 77
Dissertations/Theses: 5 13
NASA Reports: 1 15
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M. C. Porr, Jr.
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ENTERED
PROGRAM

6/86

9/88

6/87

9/88
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4/89
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1/88

TABLE I

2

GRADUATE STUDENT PARTICIPATION IN THE NASA-UVa LA ST PROGRAM

DEGREE

COMPLETED

Ph.D.
10/89

Ph.D.
12/89

Ph.D.
12/90

M.S.
12/90

M.S.
12/90

M.S.
12/90

Ph.D.

Ph.D.
6/92

dune, 1993

LANGLEY

RESIDENCY
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a LaRC
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Behavior of Alloy 2090
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TABLE Il (continued)

GRADUATE STUDENT PARTICIPATION IN THE NASA-UVa LAZST PROGRAM

(continued)
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S. T. Pride

M. A. Rowley

M. J. Haynes

M. Mason

4/9

4/91

4/91

5/9N

12/91

12/91

12/91

1792

9/92

9/92

TABLE 11 (continued)

Ph.D.

Ph.D.

Ph.D.

M.S.
6/93
(Nonthesis)
M.S.

Ph.D.
6/93

Ph.D.

M.S.
6/93

M.S.

M.S.

(continued)

(NASA
Minority
Grantee)

(NASA
Minority
Grantee)

(Uva AEP
Sponsored)

2

GRADUATE STUDENT PARTICIPATION IN THE NASA-UVa LA ST PROGRAM

Measurements and Mechanisms
of Localized Corrosion in
Al-Li-Cu Alloys

Hydrogen Interactions with
Al-Li Alloys

Effect of Thermal Exposure
on the Mechanical Properties
of Titanium/SiC Composites

Shell Structures
Analytical Modeling

Superplasticity in Al-Li-Cu
Alloys

Shell Structures
Analytical Modeling

Metastable Pitting
of Al Alloys

Viscoplasticity of
Metals

Elevated Temperature
Fracture of Advanced
IM Al Alloys

Environmental Effects in
Fatigue Life Prediction

D. L.

J. R.
W. B.

W. B.

W. D.
M. J.

Stoner
Dicus

Scully
Lisagor
Wawner

Brewer

Pilkey
Shuart

J. Stroud

J. AL
T. T.

W. D.
M. J.

Wert
Bales

Pilkey
Shuart

J. Stroud

J. R.
D. L.

J. K.

R. P.

T80

R. P.
R. S.

Scul ly
Dicus

. Thornton

Starnes, Jr.

Gangloff

Gangloff
Piascik




cl



TABLE II

Post-Doctoral Research Associate Participation
in NASA-UVA LAZST Program

Pos Res. Assoc.
# Tenure Research Supervisor
1. Yang Leng 3/89 to 12/91 Elevated Tempera- R. P. Gangloff
ture Deformation
and Fracture of PM AL
Alloys and Composites’
2. Farshad Mizadeh 7/89 to 12/91 Deformation of C. T. Herakovich
Metal Matrix and
Composites Marek-Jerzy Pindera
3. A .K.Mukhopadhyay 6/91 to 6/92 Aluminum E. A. Starke, Jr.
Alloy
Development
4, Sang-Shik Kim 12/91 to 12/93 Environmental R. P. Gangloff

Fatigue Life
Prediction
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GRANT PUBLICATIONS: (REFEREED JOURNALS, ARCHIVAL PROCEEDINGS

AND NASA CONTRACTOR REPORTS)

The following papers are based on research conducted under LA?ST Program support,

and are published in the referred or archival literature.

37.

36.

35.

34,

33.

32.

31.

30.

29.

28.

D. Gundel, P. Taylor and F. Wawner, "The Fabrication of Thin Oxide Coatings on

Ceramic Fibers by a Sol-Gel Technique", Journal of Materials Science, in review
(1993).

W.C. Porr, Jr. and R.P. Gangloff, "Elevated Temperature Fracture of RS/PM Alloy
8009: Part I-Fracture Mechanics Behavior", Metallurgical Transactions A, in review
(1993).

J.B. Parse and J.A. Wert, "Effects of Deformation Processing on the Oxide Particle
Distribution in PM Al Alloy Sheet", Metallurgical Transactions A, in review (1993).

R.S. Piascik and R.P. Gangloff, "Environmental Fatigue of an Al-Li-Cu Alloy: Part
III - Modeling of Crack Tip Hydrogen Damage", Metallurgical Transactions A, in
review (1993).

R.G. Buchheit, G.E. Stoner and G.J. Shiflet, "Corrosion Properties of a Rapidly
Solidified Alg,FesGds Alloy", J. Electrochem. Soc., in review (1993).

D. Gundel and F. Wawner, "The Influence of Fabrication Quality on the Response
of Titanium/SiC Fiber Composites to Thermal Exposure", Composites Engineering,
in press (1993).

E.A. Thornton, "Thermal Buckling of Plates and Shells,” Applied Mechanics
Reviews, in press, (1993). i
D.C. Slavik, J.A. Wert and R.P. Gangloff, "Determining Fracture Facet
Crystallography Using Electron Back Scatter Patterns and Quantitative Tilt
Fractography", Journal of Materials Research, in press, October (1993).

E.A. Thornton and J.D. Kolenski, "Viscoplastic Response of Structures with Intense
Local Heating", Journal of Aerospace Engineering, in press (1993).

R.P. Gangloff and S.S. Kim, "Environment Enhanced Fatigue Crack Propagation in
Metals: Inputs to Fracture Mechanics Life Prediction Models", NASA Contractor
Report, in press (1993).
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27.

26.

25.

24,

23.

22,

21.

20.

19.

18.

17.

D.C. Slavik, C.P. Blankenship, Jr., E.A. Starke, Jr. and R.P. Gangloff, "Intrinsic
Fatigue Crack Growth Rates for Al-Li-Cu-Mg Alloys in Vacuum", Metallureical
Transactions A, in press, August (1993).

R.P. Gangloff, R.S. Piascik, D.L. Dicus and J.C. Newman, "Fatigue Crack
Propagation in Aerospace Aluminum Alloys", Journal of Aircraft, in press (1993).

R.S. Piascik and R.P. Gangloff, "Environmental Fatigue of an Al-Li-Cu Alloy: Part
II - Microscopic Hydrogen Cracking Processes”, Metallurgical Transactions A, in
press (1993).

R.G. Buchheit, J.P. Moran and G.E. Stoner, "The'Electrochemical Behavior of the
T, (Al,CuLi) Intermetallic Compound and Its Role in Localized Corrosion of Al-3Cu-
2Li Alloys", Corrosion, in press (1993).

E.A. Thornton, M.F. Coyle, and R.N. McLeod, "Experimental Study of Plate
Buckling Induced by Spatial Temperature Gradients," Journal of Thermal Stresses,
in press (1993).

J.B. Parse and J.A. Wert, "A Geometrical Description of Particle Distributions in
Materials", Modeling and Simulation in Materials Science and Engineering, Vol. 1,
Pp. 275-296 (1993).

D.C. Slavik and R.P. Gangloff, "Microscopic Processes of Environmental Fatigue
Crack Propagation in Al-Li-Cu Alloy 2090", in Fatigue '93, Vol. II, J.-P. Bailon and
J.I. Dickson, eds., EMAS, West Midlands, UK, pp. 757-765 (1993).

C.J. Lissenden, M-J. Pindera and C.T. Herakovich, "Response of SiC/Ti Tubes
Under Biaxial Loading in the Presence of Damage,” Damage Mechanics in
Composites, D.H. Allen and D.C. Lagoudas, Eds., ASME-AMD-Vol. 150, pp.
73-90 (1992). .

J.A. Wagner and R.P. Gangloff, "Fracture Toughness of Al-Li-Cu-In Alloys",

Scripta Metallurgica et Materialia, Vol. 26, pp. 1779-1784 (1992).

J.P. Moran, R.G. Buchheit, Jr., and G.E. Stoner, "Mechanisms of SCC of Alloy
2090 (AI-Li-Cu) - A Comparison of Interpretations from Static and Slow Strain Rate
Techniques”, Parkins Symposium on Fundamental Aspects of Stress Corrosion
Cracking, S.M. Bruemmer, E.I. Meletis, R.H. Jones, W.W. Gerberich, F.P. Ford
and R.W. Staehle, eds., TMS-AIME, Warrendale, PA, p. 159 (1992).

R.G. Buchheit, Jr., J.P. Moran, F.D. Wall, and G.E. Stoner, "Rapid Anodic
Dissolution Based SCC of 2090 (Al-Li-Cu) by Isolated Pijt Solutions," Parkins
Symposium on Fundamental Aspects of Stress Corrosion Cracking, S.M. Bruemmer,
E.I. Meletis, R.H. Jones, W.W. Gerberich, F.P. Ford and R.W. Staehle, eds., TMS-
AIME, Warrendale, PA, p. 141 (1992).
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16.

15.

14.

13.

12.

11.

10.

R.J. Kilmer, T.J. Witters and G.E. Stoner, "Effect of Zn Additions on the
Precipitation Events and Implications to Stress Corrosion Cracking Behavior in Al-Li-
Cu-Mg-Zn Alloys", Proceedings of the Sixth International Al-Li Conference, M.
Peters and P.J. Winkler, eds., DGM Informationsgesellschaft, Verlag, pp. 755-760
(1992).

C.T. Herakovich and J.S. Hidde, "Response of Metal Matrix Composites with
Imperfect Bonding”, Ultramicroscopy, Vol. 40, pp. 215-228 (1992).

R.G. Buchheit, Jr., F.D. Wall, G.E. Stoner and J.P. Moran, "Stress Corrosion
Cracking of AI-Li-Cu-Zr Alloy 2090 in Aqueous CI' and Mixed CI1/CO,*
Environments”, CORROSION/91, Paper No. 99, NACE, Houston, TX (1991).

R.P. Gangloff, D.C. Slavik, R.S. Piascik and R.H. Van Stone, "Direct Current
Electrical Potential Measurement of the Growth of Small Fatigue Cracks”, in Small
Crack Test Methods, ASTM STP 1149, J.M. Larsen and J.E. Allison, eds., ASTM,
Philadelphia, PA, pp. 116-168 (1992).

R.J. Kilmer and G.E. Stoner, "The Effect of Trace Additions of Zn on the
Precipitation Behavior of Alloy 8090 During Artificial Aging", Proceedings, Light
Weight Alloys for Aerospace Applications I, E.W. Lee, ed., TMS-AIME,
Warrendale, PA, pp. 3-15, 1991.

W.C. Porr, Jr., Anthony Reynolds, Yang Leng and R.P. Gangloff, "Elevated
Temperature Cracking of RSP Aluminum Alloy 8009: Characterization of the
Environmental Effect”, Scripta Metallurgica et Materialia, Vol. 25, pp. 2627-2632
(1991).

J. Aboudi, J.S. Hidde and C.T. Herakovich, "Thermo-mechanical Response
Predictions for Metal Matrix Composites”, in Mechanics of Composites at Elevated
and Cryogenic Temperatures, S.N. Singhal, W.F. Jones and C.T. Herakovich, eds.,
ASME AMD, Vol. 118, pp. 1-18 (1991).

R.S. Piascik and R.P. Gangloff, "Environmental Fatigue of an Al-Li-Cu Alloy: Part
I - Intrinsic Crack Propagation Kinetics in Hydrogenous Environments", Metallurgical
Transactions A, Vol. 22A, pp. 2415-2428 (1991).

W.C. Porr, Jr., Y. Leng, and R.P. Gangloff, "Elevated Temperature Fracture
Toughness of P/M Al-Fe-V-Si", in Low Density, High Temperature Powder
Metallurey Alloys, W.E. Frazier, M.J. Koczak, and P.W. Lee, eds., TMS-AIME,
Warrendale, PA, pp. 129-155 (1991).

Yang Leng, William C. Porr, Jr. and Richard P. Gangloff, "Time Dependent Crack
Growth in P/M Al-Fe-V-Si at Elevated Temperatures", Scripta Metallurgica et
Materialia, Vol. 25, pp. 895-900 (1991).
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R.J. Kilmer and G.E. Stoner, "Effect of Zn Additions on Precipitation During Aging
of Alloy 8090", Scripta Metallurgica et Materialia, Vol. 25, pp. 243-248 (1991).

D.B. Gundel and F.E. Wawner, "Interfacial Reaction Kinetics of Coated SiC Fibers",
Scripta Metallurgica et Materialia, Vol. 25, pp. 437-441 (1991).

R.G. Buchheit, Jr., J.P. Moran and G.E. Stoner, "Localized Corrosion Behavior of
Alloy 2090-The Role of Microstructural Heterogeneity", Corrosion, Vol. 46, pp. 610-
617 (1990).

Y. Leng, W.C. Porr, Jr. and R.P. Gangloff, "Tensile Deformation of 2618 and Al-
Fe-Si-V Aluminum Alloys at Elevated Temperatures”, Scripta Metallurgica et
Materialia, Vol. 24, pp. 2163-2168 (1990).

R.P. Gangloff, "Corrosion Fatigue Crack Propagation in Metals", in Environment
Induced Cracking of Metals, R.P. Gangloff and M.B. Ives, eds., NACE, Houston,
TX, pp. 55-109 (1990).

R.S. Piascik and R.P. Gangloff, "Aqueous Environment Effects on Intrinsic
Corrosion Fatigue Crack Propagation in an Al-Li-Cu Alloy", in Environment Induced
Cracking of Metals, R.P. Gangloff and M.B. Ives, eds., NACE, Houston, TX, pp.
233-239 (1990).
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COMPLETED PROJ ECTS: (1986 to present reporting period)

1.

2.

3.

DAMAGE LOCALIZATION MECHANISMS IN CORROSION FATIGUE OF
ALUMINUM-LITHIUM ALLOYS

Faculty Investigator: R.P. Gangloff

Graduate Student: Robert S. Piascik

Degree: PhD

UVa Department: Materials Science and Engineering (MS&E)

NASA-LaRC Contact: D. L. Dicus (Metallic Materials)

Start Date: June, 1986

Completion Date: November, 1989

Employment: NASA-Langley Research Center

AN INVESTIGATION OF THE LOCALIZED CORROSION AND STRESS
CORROSION CRACKING BEHAVIOR OF ALLOY 2090 (Al-Li-Cu)

Faculty Investigator: Glenn E. Stoner

Graduate Student: James P. Moran

Degree: PhD

UVa Department: MS&E

NASA-LaRC Contact: W.B. Lisagor (Metallic Materials)
Start Date: September, 1988

Completion Date: December, 1989

Co-Sponsor: ALCOA

Employment: ALCOA Laboratories

MECHANISMS OF LOCALIZED CORROSION IN AL-LI-CU ALLOY 2090

Faculty Investigator: G.E. Stoner

Graduate Student: R.G. Buchheit

Degree: PhD

UVa Department: MS&E

NASA-LaRC Contact: D.L. Dicus (Metallic Materials)
Start Date: June, 1987

Completion Date: December, 1990

Cosponsor: Alcoa

Employment: Sandia National Laboratories
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4. DEFORMATION AND FRACTURE OF ALUMINUM-LITHIUM ALLOYS: THE
EFFECT OF DISSOLVED HYDROGEN
Faculty Investigator: R.E. Swanson (VPI)
Graduate Student: Frederic C. Rivet
Degree: MS
VPI Department: Materials Engineering
NASA-LaRC Contact: D.L. Dicus (Metallic Materials)
Start Date: September, 1988
Completion Date: December, 1990
Employment: Not determined

5. INVESTIGATION OF THE REACTION KINETICS BETWEEN SiC FIBERS AND
SELECTIVELY ALLOYED TITANIUM MATRIX COMPOSITES AND
DETERMINATION OF THEIR MECHANICAL PROPERTIES

Faculty Investigator: F.E. Wawner

Graduate Student: Douglas B. Gundel

Degree: MS

UVa Department: MS&E

NASA-LaRC Contact: D.L. Dicus and W.B. Brewer (Metallic Materials)

Start Date: January, 1989

Completion Date: December, 1990

Employment: Graduate School, University of Virginia; PhD candidate on
LA?ST Program; Department of Materials Science

6. DESIGN OF CRYOGENIC TANKS FOR SPACE VEHICLES

Faculty Investigators: W.D. Pilkey and J.K. Haviland

Graduate Student: Charles Copper

Degree: MS

UVa Department: Mechanical and Aerospace Engineering (MAE)

NASA-LaRC Contact: D.R. Rummler (Structural Mechanics Division), R.C.

Davis and M.J. Shuart (Aircraft Structures)

Start Date: April, 1989

Completion Date: December, 1990

Employment: Graduate School, University of Virginia; PhD candidate on NASA-
Headquarters sponsored program; Department of Mechanical and
Aerospace Engineering
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7. ELEVATED TEMPERATURE FRACTURE OF AN ADVANCED RAPIDLY
SOLIDIFIED, POWDER METALLURGY ALUMINUM ALLOY
Faculty Investigator: R.P. Gangloff
Graduate Student: William C. Porr, Jr.
Degree: PhD
UVa Department: MS&E
NASA-LaRC Contact: C.E. Harris (Mechanics of Materials)
Start Date: January, 1988
Completion Date: June, 1992
Employment: David Taylor Naval Ship R&D Center

8. QUANTITATIVE CHARACTERIZATION OF THE SPATIAL DISTRIBUTION OF
PARTICLES IN MATERIALS: APPLICATION TO MATERIALS PROCESSING
Faculty Investigator: John A. Wert
Graduate Student: Joseph Parse
Degree: PhD
UVa Department: MS&E
NASA-LaRC Contact: D.R. Tenney (Materials Division)
Start Date: September, 1988
Completion Date: June, 1992
Employment: Private Consultant

9. ENVIRONMENTAL FATIGUE CRACK GROWTH AND CRACKING
MECHANISMS IN Al-Li-Cu Alloy 2090
Faculty Investigator: R.P. Gangloff
Graduate Student: Donald C. Slavik
Degree: PhD
UVa Department: MS&E
NASA-LaRC Contact: D.L. Dicus (Metallic Materials)
Start Date: September, 1989
Completion Date: June, 1993
Employment: Knolls Atomic Power Laboratory

10. INELASTIC DEFORMATION OF METAL MATRIX COMPOSITES UNDER
BIAXIAL LOADING
Faculty Investigators: Carl T. Herakovich and Marek-Jerzy Pindera
Graduate Student: Mr. Clifford J. Lissenden
Degree: PhD
UVa Department: Civil Engineering and the Applied Mechanics Program
NASA-LaRC Contact: W.S. Johnson (Mechanics of Materials)
Start Date: September, 1990
Completion Date: June, 1993
Employment: University of Kentucky, Department of Engineering Mechanics
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11. EFFECT OF TEMPERATURE ON THE RESPONSE OF METALLIC SHELL
STRUCTURES
Faculty Investigators: W.D. Pilkey and J.K. Haviland
Graduate Student: Karen McCarthy; MS candidate
Degree: MS (non-thesis)
Graduate Student: Theodore Johnson (NASA Minority Grantee)
Degree: PhD
Employment: NASA-LaRC
Graduate Student: Charles Copper
Degree: PhD
Employment: AMP Incorporated
UVa Department: MAE
NASA-LaRC Contact: Drs. M.J. Shuart and Jeffrey Stroud (Aircraft
Structures)
Start Date: April, 1991
Completion Date: May, 1993

12. EFFECTS OF Zn ADDITIONS ON THE PRECIPITATION AND STRESS
CORROSION CRACKING BEHAVIOR OF ALLOY 8090
Faculty Investigator: Glenn E. Stoner
Graduate Student: Raymond J. Kilmer
Degree: PhD
Department: MS&E
NASA-LaRC Contact: W.B. Lisagor (Metallic Materials)
Start Date: September, 1989
Completion Date: September, 1993
Cosponsor: Alcoa
Employment: General Motors
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ADMINISTRATIVE PROGRESS

Faculty Participation
Professors Herakovich, Pindera, Pilkey and Haviland were not supported during this

reporting period, as outlined in the 1992 renewal proposal!?.

Brochure

The brochure prepared in March of 1991 was employed to advertise the LA?ST
program during this reporting period. Copies were nationally distributed to stimulate
graduate and undergraduate recruitment.

Graduate Student Recruitment

The LA2ST Program has encountered no problems in recruiting the best graduate
students entering the participating Departments at UVa, and in sufficient numbers to achieve
our education and research objectives. There was no recruitment activity during this
reporting period.

Undergraduate Research Participation

In April of 1990, the LA2ST Program was increased in scope to include undergraduate
engineering students®. Four students worked at NASA-LaRC during the Summer of 1990,
none were recruited for the 1991 program, and seven were successfully recruited to work at
NASA-LaRC during the Summer of 1993. Each student was, at the time, a rising senior in
an engineering or science major closely related to aerospace materials and mechanics.
Represented universities have included Harvard, Georgia Institute of Technology, Virginia
Polytechnic Institute, Duke, the University of Missouri, California Polytechnical Institute,
and North Carolina State University.

Professor Glenn E. Stoner assumed responsibility for the 1993 Summer Undergraduate
Program. No qualified applicants were identified for 1993 Summer employment at NASA-
LaRC. The budgeted funds will not be billed to NASA and can be carried-over to support
the 1994 program.

Three undergraduate students were recruited during this reporting period to work at
UVa with Professor Gangloff. These students are being partially supported by the UVa
Academic Enhancement Program.

Complementary Programs at UVa

The School of Engineering and Applied Science at UVa has targeted light materials

and thermal structures research for aerospace applications as an important area for broad
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growth. The LA2ST Program is an element of this thrust. Several additional programs are
of benefit to LA2ST work.

In 1988, the Board of Visitors at UVa awarded SEAS an Academic Enhancement
Program Grant in the area of Light Thermal Structures. University funds have been used to
seed the establishment of a world-class center of excellence which incorporates several SEAS
Departments. This program is lead by Professor Thornton and directly benefits NASA.

The Light Metals Center has existed within the Department of Materials Science and
Engineering at UVa for the past ten years under the leadership of Professor H.G.F. Wilsdorf,
and after his retirement, under leadership of Dean Starke. A Virginia Center for Innovative
Technology Development Center in Electrochemical Science and Engineering was established
in 1988 with Professor G.E. Stoner as Director. Professors Pilkey, Thornton and Gangloff
recently completed NASA-Headquarters sponsored research to examine "Advanced Concepts

for Metallic Cryo-thermal Space Structures"S),

References

1. R.P. Gangloff, E.A. Starke, Jr., J.M. Howe and F.E. Wawner, "NASA-UVa Light
Aerospace Alloy and Structures Technology Program: Supplement on Aluminum
Based Materials for High Speed Aircraft”, University of Virginia, Proposal No. MS
NASA/LaRC-5215-92, October, 1991.

2. R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology
Program”, University of Virginia, Proposal No. MSE-NASA/LaRC-5691-93,
November, 1992. o

3. R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology
Program: A Supplementary Proposal”, University of Virginia, Proposal No. MS
NASA/LaRC-4677-90, April, 1990,

4. W.P. Pilkey, "Advanced Concepts for Metallic Cryo-thermal Space Structures",
University of Virginia Proposal No. MAE-NASA/HQ-4462-90, August, 1989,

3. W.P. Pilkey, "Advanced Concepts for Metallic Cryo-thermal Space Structures",
University of Virginia Report No. UVA/528345/MAES1/101, February, 199].
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CURRENT PRQJECTS

MECHANICAL AND ENVIRONMENTAL DEGRADATION MECHANISMS
IN ADVANCED LIGHT METALS AND COMPOSITES

1. ENVIRONMENTAL FATIGUE CRACK GROWTH AND CRACKING
MECHANISMS IN Al-Li-Cu Alloy 2090
Faculty Investigator: R.P. Gangloff
Graduate Student: Donald Slavik; PhD Candidate
UVa Department: Materials Science and Engineering (MS&E)
NASA-LaRC Contact: D.L. Dicus (Metallic Materials)
Start Date: September, 1989
Anticipated Completion Date: June, 1993
Project #1

2.  ELEVATED TEMPERATURE DAMAGE TOLERANCE OF ADVANCED INGOT
METALLURGY WROUGHT ALUMINUM ALLOYS
Faculty Investigator: R.P. Gangloff
Graduate Student: Michael J. Haynes
UVa Department: MS&E
NASA-LaRC Contact: To be determined (Metallic Materials)
Start Date: September, 1992
Completion Date: December, 1994
Project #2

3. CRYOGENIC TEMPERATURE EFFECTS ON THE DEFORMATION AND
FRACTURE OF Al-Li-Cu and Al-Li-Cu-In ALLOYS
Faculty Investigator: R.P. Gangloff :
Graduate Student: John A. Wagner; PhD candidate and NASA-LaRC
employee
UVa Department: MS&E
NASA-LaRC Contacts: W.B. Lisagor (Metallic Materials) and J.C. Newman
: (Mechanics of Materials)
Start Date: June, 1987
Anticipated Completion Date: December, 1993
Project #3
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4.

5.

6.

7.

THE EFFECT OF CRYOGENIC TEMPERATURE ON THE FRACTURE
TOUGHNESS OF WELDALITE™ X2095

Faculty Investigator: R.P. Gangloff

Graduate Student: Cynthia L. Lach; MS candidate and NASA-LaRC employee
UVa Department: MS&E

NASA-LaRC Contacts: W.B. Lisagor (Metallic Materials)

Start Date: August, 1990

Anticipated Completion Date: May, 1994

Project #4

MECHANISMS OF LOCALIZED CORROSION IN 2090 AND X2095

Faculty Investigator: G.E. Stoner

Graduate Student: Douglas Wall; PhD candidate

UVa Department: MS&E

NASA-LaRC Contact: M.S. Domack (Metallic Materials)
Start Date: April, 1991

Completion Date: May, 1994

Cosponsor: Reynolds Metals Company

Technical Contact: A. Cho

Project #5

EFFECTS OF Zn ADDITIONS ON THE PRECIPITATION AND STRESS
CORROSION CRACKING BEHAVIOR OF ALLOY 8090

Faculty Investigator: Glenn E. Stoner

Graduate Student: Raymond J. Kilmer; PhD candidate
Department: MS&E

NASA-LaRC Contact: W.B. Lisagor (Metallic Materials)
Start Date: September, 1989

Anticipated Completion Date: June, 1993

Cosponsor: Alcoa

Project #6

HYDROGEN INTERACTIONS IN ALUMINUM-LITHIUM ALLOY 2090 AND
SELECTED MODEL ALLOYS

Faculty Investigator: John R. Scully

Graduate Student: Stephen W. Smith; PhD Candidate

Department: MS&E

NASA-LaRC Contact: W.B. Lisagor and D.L. Dicus (Metallic Materials)
Start Date: April, 1991

Anticipated Completion Date: To be determined

Cosponsor: Virginia CIT

Project #7
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8. METASTABLE PITTING OF Al ALLOYS IN HALIDE SOLUTIONS

Faculty Investigators: John R. Scully and J.L. Hudson

Graduate Student: Sheldon T. Pride; PhD Candidate

Department: Chemical Engineering

NASA-LaRC Contact: D.L. Dicus (Metallic Materials)

Start Date: September, 1991

Anticipated Completion Date: To be determined

Cosponsor: NASA Graduate Student Researchers Program;
Under Represented Minority Emphasis

Project #8

AEROSPACE MATERIALS SCIENCE

9. INVESTIGATION OF THE EFFECT OF THERMAL TREATMENT ON THE
MECHANICAL PROPERTIES OF Ti-1100/SCS-6 COMPOSITES
Faculty Investigator: F.E. Wawner
Graduate Student: Douglas B. Gundel; PhD candidate
UVa Department: MS&E
NASA-LaRC Contact: D.L. Dicus and W.B. Brewer (Metallic Materials)
Start Date: April, 1991
Anticipated Completion Date: June, 1993
Project #9

10. PROCESSING AND SUPERPLASTIC PROPERTIES OF WELDALITE™ SHEET
Faculty Investigator: John A. Wert
Graduate Student: Mark Lyttle; MS Candidate
UVa Department: MS&E
NASA-LaRC Contact: T.T. Bales (Metallic Materials)
Start Date: September, 1991
Anticipated Completion Date: September, 1993
Project #10
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MECHANICS OF MATERIALS FOR LIGHT AEROSPACE STRUCTURES

11.  ENVIRONMENTAL EFFECTS IN FATIGUE LIFE PREDICTION: MODELIN(
CRACK PROPAGATION IN LIGHT AEROSPACE ALLOYS
Faculty Investigator: R.P. Gangloff
Graduate Student: Mark Mason; MS Candidate
Post Doctoral Research Associate: Dr. Sang-Shik Kim
UVa Department: MS&E
NASA-LaRC Contact: R.S. Piascik (Mechanics of Materials)
Start Date: January, 1992
Anticipated Completion Date: December, 1994
Project #11

THERMAL GRADIENT STRUCTURES

12. EXPERIMENTAL STUDY OF THE NONLINEAR VISCOPLASTIC RESPON
OF HIGH TEMPERATURE STRUCTURES
Faculty Investigator: Earl A. Thornton
Graduate Student: Marshall F. Coyle; PhD candidate
Graduate Student: Mark A. Rowley; MS candidate
UVa Department: Mechanical and Aerospace Engineering
NASA-LaRC Contact: James H. Starnes, Jr. (Aircraft Structures)
Start Date: January, 1990
Anticipated Completion Date: To be determined
Cosponsor: UVa Academic Enhancement Program
Project #12
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RESEARCH PROGRESS AND PLANS  (January 1 to June 30, 1993)

Research progress, recorded during the period from January 1, 1993 to June 30,
1993, is summarized for each project in the following sections. The standard format includes
the program objective, recent progress, conclusions, and immediate milestones; coupled with
a set of visual aids presented at the Fourth Annual NASA-UVa LA?ST Grant Review
Meeting held at NASA-LaRC in July of 1993. The agenda of this meeting is presented in
Appendix 1V,

Project #1 Environmental Fatigue Crack Growth and Cracking Mechanisms in Al-Li-
Cu Alloy 2090

Donald C. Slavik and Richard P. Gangloff

Objective
The objectives of this PhD research are to: (a) characterize the effect of

microstructure on environmental fatigue crack propagation (FCP), and (b) quantitatively
define the microscopic damage mechanisms involved in vacuum and hydrogen-environmental
FCP; in each case for Al-Li-Cu alloys.

Specific objectives are to: a) vary the microstructure of commercially produced
AA2090 and determine how this influences intrinsic da/dN and da/dN-AK transition behavior
in inert and aggressive environments, b) implement diffraction techniques capable of
identifying grain misorientations and precise fatigue crack facet crystallography in
unrecrystallized and recrystallized AA2090 microstructures, c) use grain microtexture, facet
crystallography, and slip system predictions to identify fatigue damage modes, d) correlate
microscopic crack paths and microstructural features with intrinsic da/dN, and e) establish
the applicability of current da/dN-AK models and limiting uncertainties for planar slip Al-Li

alloys.

Technical Approach

Intrinsic da/dN behavior is characterized with high mean stress constant K, fracture
mechanics experiments developed under a previous NASA-LA?ST program. The influence

of environment on FCP rates is established with experiments in an ultrahigh vacuum and in
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a deaerated, aqueous 1 wt% NaCl solution at a constant electrode potential.

The influence of grain and subgrain size on AA2090 FCP rates is determined with
commercially available unrecrystallized microstructures (fine and coarse subgrains), and with
recrystallized microstructures (fine and coarse grains) which are produced with thermo-
mechanical processing techniques. Grain sizes are measured with optical metallography,
while precipitates and subgrains are imaged with the TEM. Tensile properties, pitting
potentials, and global textures are measured from smooth bar tensile tests, electrochemical
polarization experiments, and x-ray diffraction techniques, respectively.

Microscopic fracture modes are qualitatively determined with SEM fractography.
Grain and subgrain misorientations are directly measured with EBSPs, and fracture facet
crystallography is identified with EBSPs coupled with tilt fractography measurements for both
unrecrystallized and recrystallized microstructures. Likely microscopic damage modes, based
on qualitative SEM fractography and quantitative fatigue fracture crystallography, are
identified to explain observed intrinsic FCP rate trends and needs for quantitative da/dN-AK

models.

Current Status
Mr. Slavik successfully defended his PhD Dissertation in June of 1993 and has
reported to work at the Knolls Atomic Power Laboratory in Schenectady, New York. This

project is completed.

Recent Progress

The results of this research are summarized by the Conclusions from Mr. Slavik’s
dissertation, as follows.
Vacuum Fatigue Cracking
oo When compared on a AK or a AK/E basis, da/dN in vacuum is enhanced up to 2.4-
fold for unrecrystallized sheet, 1.3-fold for the recrystallized fine grain sheet, and 4.3-fold
for recrystallized coarse grain sheet, all compared to unrecrystallized AA2090 plate. A
single power law represented da/dN-AK behavior for the AA2090 microstructures with a
Paris exponent which varies from 5.2 to 6.0.
oo Facetted cracking modes and tortuous cracking profiles form for vacuum fatigue crack

propagation of AA2090 independent of texture, AK, or grain and subgrain structure.
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o  Fracture facet crystallography is quantitatively determined for AA2090 with electron
back scatter pattern analysis, coupled with tilt fractography measurements. Facets are not
parallel to {100} or {110} due to an alternate slip fracture mechanism, and are not identically
crystallographic along single {111} slip planes. Facets are instead typically near-{111},
consistent with fracture through deformation bands which are complex dislocation structures
and which are not macroscopically {111}.

0o Strong crystallographic texture and subgrain structure are not prerequisites for
deformation band cracking in AA2090. Tortuous near-{111} cracking profiles are formed
for unrecrystallized (brass-type) and recrystallized (random grains) microstructures.

oo Predicted resolved shear stresses at the crack tip are high on multiple slip systems for
both textured and random grains orientations in AA2090, resulting in multiple near-{111}
fracture facets within single grains. Facets predominately form on planes with a high
resolved shear stress, but geometrically necessary near-{111} facets also develop to link the
dominant facets into a single crack profile.

00 A crack tip strain range parameter (AKz/EoyS) uniquely correlates da/dN within a 2-
fold variation for the four AA2090 microstructures. Texture, subgrain size, and grain size
do not dramatically influence da/dN in inert environments when compared on the crack tip
strain range basis. This result implies that fatigue damage accumulation within deformation
bands is similar for unrecrystallized and recrystallized AA2090 microstructures with varying
slip lengths.

oo Discontinuous crack jump distances (Aaj and a crack tip failure criterion (AN) are
needed to model intrinsic da/dN-AK behavior. Relationships between the crack tip strain
range, Aa, AN, and AK have not been experimentally identified for a wide range of materials

and microstructures, but are needed to develop realistically predictive da/dN-AK models.

Aqueous NaCl Fatigue Cracking
oo In comparison to inert environment fatigue cracking, aqueous NaCl accelerates da/dN
at all AK and promotes multiple da/dN-AK power law transitions for each AA2090
microstructure. When compared either on a AK or a crack tip strain range basis, FCP rates
are similar for UR sheet, UR plate, and RF sheet, while da/dN is reduced for RC sheet,
particularly at low AK and Ae.
00 Agqueous NaCl fatigue fracture modes for AA2090 are AK dependent. Deformation
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band cracking, thin fracture facets, and intersubgranular cracking modes form .for the
different AA2090 microstructures at intermediate and high AK. At low AK, fracture is
predominately transgranular, but is markedly different than the facetted fracture surface that
is produced in vacuum. Repetitive saw-tooth cracking profiles are typical of fatigue crack
propagation in highly textured UR plate in aqueous NaCl. Facet orientations are more varied
for the randomly oriented grains in the recrystallized microstructures, but are otherwise
similar to the unrecrystallized cases.

00 Transgranular fracture facets at low AK cluster around a {521} cracking plane for
AA2090 in aqueous NaCl. Half of the facets analyzed are within 5°, and 8 of 9 facets
grouped within 10° of {521} for unrecrystallized plate. The facets are crystallographically
more varied for recrystallized sheet, yet 50% of the facets are within 10° of {521}.

00 The {521} cracking plane is inconsistent with: a) T, or crystallographic dissolution
and ligament rupture, b) hydrogen trapping at matrix T, interfaces and decohesion, c)
hydrogen enhanced localized plasticity and near-{111} deformation band decohesion, or d)
brittle hydrogen induced {100}/{110} cracking. Fracture on a {100} plane was rarely
observed, even when favorably oriented normal to the applied loading axis.

00 Paris law da/dN-AK transition behavior does not simply correlate with either unique
AK dependent damage modes or microstructural influences on slip. Neither AK nor Ae
correlated the FCP rates of the recrystallized coarse grain sheet compared to the other
AA2090 microstructures, particularly at low AK.

00 A semi-quantitative corrosion fatigue model does not predict the da/dN-AK trends for
the recrystallized coarse grain sheet compared to the other AA2090 microstructures, possibly
because: a) model constants are microstructure sensitive, b) improved Aaand AN relationships
are needed, and c) a failure criterion which includes the process zone hydrogen concentration,
crack tip strain range, normal stress, and microstructure is not well understood.

00 LiAlH, formation and cracking may explain observed {52 1} fracture planes and da/dN
trends for AA2090. Crack tip process zone dilatation may be a critical feature influencing
LiAlH,4 nucleation, growth, and fracture. Hydrides are not observed in the current study,
and published crystallographic relationships are inaccurate. Such information is needed to
determine if LiAlH, is a viable environmental fatigue fracture mechanism for Al-Li-Cu

alloys.
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Presentation Viewgraphs

1.

2.

Title

Fatigue crack growth rate data for Vintage III, unrecrystallized, peak-aged sheet of
AA 2090; as functions of applied stress intensity range at constant high K,,,x and of
environment. Note the single power-law behavior for the vacuum case compared to
the more complex response for moist air and aqueous chloride. Excellent agreement
is observed for da/dN from constant AK experiments (filled circles) and from a
continuously decreasing AK experiment (open circles) in NaCl.

A summary of the elements of the technical approach.

Four microstructures of AA2090 were produced at UVa by specialized thermal-
mechanical processing. Grain sizes and shapes determined with optical metallography
are shown for: a) UR sheet (3.2 mm thickness) purchased in the T3 condition from
Alcoa (Vintage III) and aged for 18 hrs at 155°C at UVa; b) UR plate (19 mm
thickness) purchased as T81 (aged for 18 hours at 160°C) from Alcoa (Vintage III),
¢) RF sheet produced from UR plate at UVa by overaging, hot rolling, fast-rate
solution treating, stretching and aging at 155°C for 18 hours; and d) RC sheet
produced from UR plate at UVa by overaging, hot rolling, slow-rate solution treating,
stretching and aging at 155°C for 18 hours. The recrystallized microstructures were
electrochemically etched and viewed with polarized light.

The FCP response of UR sheet and UR plate AA2090 in vacuum and aqueous NaCl.

Least squares trend lines representing the intrinsic da/dN versus AK behavior of each
of the four microstructures of AA2090. FCP is essentially described by a single
power law, with the maximum variability in da/dN shown in Figure 5 for UR Sheet.
When correlated in terms of crack tip strain range (proportional to AKZ/oysE), there
is no resolvable microstructural effect on vacuum FCP kinetics.

Fatigue crack growth in vacuum proceeds by a faceted microscopic process for each
of the four microstructures. Here, results for UR plate AA2090 are consistent with
the literature claim of {111}-type slip band cracking. This literature is based on an
inconclusive X-ray texture analysis, combined with the facet angles of near 60° seen
on two-dimensional metallographic sections. Etch pitting of fatigue crack surface
facets provides more conclusive results, albeit without providing precise orientation
measurements.

A method, based on Electron Back-Scattering Pattern (EBSP) analysis coupled with
quantitative tilt fractography, was developed to precisely measure the crystallographic
orientations of fatigue crack surface facets. Here, the relationship between the crack
surface, for tilt analysis of the facet pole, and a metallographically polished plane, for
grain orientation measurement, is illustrated.

Typical AA2090 EBSPs and zone axis locations for: a) RC sheet, and b) UR plate.
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10.

11.

12.

13.

14,

15.

16.

17.

SEM fractographs of a AA2090 facet with varying tilts around the T-axis (tilt angles
are marked on the micrographs).

An SEM image of a metallographically prepared T-plane intersecting a vacuum
fatigue crack surface in UR plate AA2090, coupled with a stereographic projection
summarizing tilt fractography and EBSP analyses for the indicated grain. Note that
EBSP yields a grain orientation consistent with the expected Brass texture. Poles for
the three facets marked with "X" in the SEM image are plotted on the projection.
Facet poles and {111} poles are nearly coincident. The operation of multiple slip
systems, and possible slip band cracks, is confirmed by calculations of critical
resolved shear stresses on slip planes within the crack tip field.

Fracture facet crystallography summarized on a stereographic triangle showing
predominately near-{111} cracking in vacuum for AA2090 independent of texture and
subgrain structure in both UR plate and RC sheet. For these cases, 38 facets were
characterized; 77% (for RC sheet) and 84 % (for UR plate) of the facet poles were
within 10° of a {111} pole.

Fatigue crack facets in the AA2090/vacuum system may not be precisely parallel to
{111} because of the complexity of slip deformation bands, particularly within the
highly strained crack tip field.

Conclusions of the experiments and analyses on the four microstructures of AA2090
in vacuum,

Least squares trend lines representing intrinsic da/dN versus AK behavior of each of
the four microstructures of AA2090, cyclically loaded in aqueous NaCl at fixed
electrode potential of -840 mV,.. In contrast to vacuum behavior, FCP is described
by multiple power-laws, with specific transition stress intensity ranges (AKg ANSITION) -
When correlated in terms of crack tip strain range (proportional to AK’/oysE), there
is no resolvable microstructural effect on' FCP kinetics for three of the four cases.
The lowest strength case, RC AA2090 sheet, exhibits improved resistance to
environmental FCP.

Yoder and coworkers argue that a da/dN-AK power law transition occurs when the
cyclic plastic zone diameter equals the distance between microstructural barriers to
slip.  Specific AKygansmrion Values are tabulated for the four microstructures of
AA2090. Neither vacuum nor NaCl FCP kinetics data support these predictions, and
a specific damage mechanism was not proposed.

Piascik and Gangloff developed a semi-quantitative explanation for hydrogen
environment-specific growth rate transitions. Such complex da/dN-AK behavior is
controlled by the parallel operation of multiple environment sensitive cracking modes
that occur in varying proportion and at varying rates, both depending on AK. For
AA2090, they hypothesized that the lowest AKrpansrrion is due to the cyclic plastic
zone just enveloping the smallest subgrains for any environment that produces atomic
hydrogen.
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18.

19.

20.

21.

22.

23.

24,

25.

The current experiments were designed to eliminate subgrains, and thus to test this
hypothesis.

There is a strong decrease in da/dN, at any near-threshold crack tip plastic strain
range, with the elimination of subgrains for FCP in the AA2090/NaCl system. While
the extent of the transition behavior is reduced, a low-AK power law change is none-
the-less observed for RC sheet of AA2090. Additionally for UR sheet, the
microscopic fatigue crack path does not change at the power law transition. The
current results do not strongly support earlier work on Vintage II UR plate of
AA2090.

Environment affects a strong transition in the microscopic fatigue crack path for each
of the four microstructures of AA2090. Here, the results for UR plate show such a
change in the near-{111} cracking mode typical of vacuum FCP.

An SEM image of a metallographically prepared T-plane intersecting an NaCl vacuum
fatigue crack surface in UR plate AA2090, coupled with a stereographic triangle
summarizing tilt fractography and EBSP analyses for 8 separate grains. In all cases
EBSP yielded a grain orientation consistent with the expected Brass texture. While
environmental fatigue facets were highly repetitive and apparently crystallographically
oriented, facet surfaces were not parallel to a low index plane. Facets were never
observed to be parallel to {100}, {110} or {111} planes; rather, the average facet was
near-{521}.

Results for RC sheet AA2090 in NaCl were essentially similar to the behavior of UR
plate. Environmental fatigue facets were more varied in orientation; low index cracks
were observed for two cases and only one-half of the facet poles were near-{521}.
Specifically for both microstructures, 18 facets were characterized; 50% (for RC
sheet) and 87% (for UR plate) of the facet poles were within 10° of {521}.

The near-{521} facet orientation for the two microstructures of AA2090; and more
particularly the lack of clearly defined {100}, {110} or {111} facets; enables us to
preclude several hypothesized mechanisms for environmental FCP in Al-Li-Cu alloys.
A hydride (LiAlH,) cracking mechanism may be consistent with the observed
environmental fatigue crack surface facets. Two problems are, however, identified.
(1) We did not observe hydrides in either environmental fatigue, hydrogen
precharged or slow strain rate specimens of AA2090. Only one group has reported
this phase. (2) The reported hydride habit plane and preferred orientation are
apparently incorrect.

Conclusions of the experiments and analyses on the four microstructures of AA2090
in NaCl.
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Environmental Fatigue Crack Growth Rates
and
Cracking Mechanisms for AA2090

D.C. Slavik and R.P. Gangloff
University of Virginia

Supported by NASA Langley Research Center
D.L. Dicus, Project Monitor
Metallic Materials Branch




10 ~°

T T 7T T T T 177

Alloy 2090
Vintage III Shee}:/2
Knaex=17 MPa—m

TV T TTTTT

i1 11111

10 ™

T T TTTT]

L o1oa gl

—
o
&

T T TTTT]
£ot1oepard

da/dN (mm/cycle)
o

T T T TTTT]
t vl

10 7k E
- 01 wts NaCl, —.84V SCE 1
i O Moist Air i
i A Vacuum i
10 -8 ;‘ | 1 é [ I . | A

1 10 .
Stress Intensity Range (MPa-—m /%)



Procedure

o Change peak aged AA2090 microstructure
- thermomechanical processing

o Measure intrinsic environmental da/dN
- 5 pPa ultrahigh vacuum
- 1 wt% NaCl solution at -840mV,

o Quantitatively probe local fracture processes
- electron back scatter patterns (EBSPs)
- quantitative tilt fractography

o Predict local slip conditions
- measured grain microtextures
- crack tip stress state

o Critically evaluate proposed crack growth rate concepts
- microscopic damage mechanisms
- microstructure and da/dN relationships



AA2090 Microstructures (L-Plane)
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Etched T-plane sections for UR plate showing tortuous vacuum

cracking profiles for: a) 0° sample tilt (optical microscopy), and b) a
30° sample tilt from the T-plane toward the fracture surface (SEM

fractography)



Fatigue Crack Growth Specimens
LT Orientation
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Facet Crystallographic Analysis

1 Grain orientation with EBSPs off polished T-plane
2 Facet pole from quantitative tilt fractography



AA2090 Electron Back Scatter Patterns
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Unrecrystallized Plate Vacuum Cracking
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Vacuum Facet Crystallography Summary

[111]

AAZ090-T81

Vacuum Fatigue Facets
A UR Plate
A RC Sheet

[100] [110]

o Facets generally near {111}
o But not identically crystallographic along {111}



AA2090 Vacuum Cracking Mechanism

o Fracture within deformation bands

- not planar slip
- bands not identically {111}

o Deformation bands complex dislocation structures

even in uniaxial fatigue
- bands cross subgrain boundaries

- bands cross grain boundaries

o Deformation bands at crack tip extremely complex
- multiple slip predicted
- high crack tip strains
- complex dislocation structures

a0 . e’
a 0" A e

| Tensile TeSt, =2%
AA2090 UR Plate



Inert Environment Fatigue Damage Conclusions

o Fully quantitative fracture crystallography technique
- applicable for 5 pm subgrains

- global methods cannot distinguish {100} or {111} facets

O Near-{111} facets quantitatively identified
- implicates a deformation band cracking mechanism
- facets form independent of texture and subgrains

O Multiple {111} facets within single grains
- multiple {111} oriented for slip

- 60° intersecting angles at high and low-angle boundaries

o Single cracking mechanisms a
- Aecrack = AKZ/ Eoysx
- similar trends for other aluminum alloys

nd single da/dN correlating parameter
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A da/dN-AK power law transition is predicted when the
cyclic plastic zone diameter equals the distance between

microstructural (1) impediments to slip:

= 0.033 (AKTRANSITION/ oysc)z

A UR UR RF RC

Plate | Sheet | Sheet | Sheet
T, Spacing 0.7" 0.6 0.6 0.4
B’ Spacing 1.3 1.1 1.2 0.8
Subgrain Width | 10.7 5.7 -—-- ----
Grain Width > 80 > 25 13 49

*k

AKipansimion i MPavim




Single Microscopic Damage Mode

da/dN « AK?** /g, @+ E?

Multiple Damage Modes in Parallel

2/B (2 + 4¢-{100}) (2 + 4¢-1SGC)
da/dNg,, = e{m}AK/ + 0,0 AK + B,.cAK

(Inert)

Complex da/dN-AK
transitions controlled by
proportion of each
cracking mode (®,), and
intrinsic AK
dependence (¢, v)

Absolute da/dN not
predicted because of
unknowns

(Hydrogen Enhanced {100} + ISGC)

Log AK



Recrystallized AA 2090 Sheet from Plate
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Unrecrystallized Tilt Fractography

Vacuum Cracking
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Unrecrystallized Plate Aqueous NaCl Cracking

~ Tilt Fractography Facet Crystallography
[111]
AA2090-T81
Aqueous NaCl
O UR Plate
X [521]

[100] [110]
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Aqueous NaCl
® RC Sheet
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Unlikely Aqueous NaCl Fatigue Damage Mechanisms

o Facets are not macroscopically {100}/{110}
- 22° from {100} for UR plate
- 27° from {110} for UR plate
- not {100} when normal to L for RC sheet
* NOT {100} crystallographic decohesion
* NOT {100} alternate slip

o Facets are not macroscopically {111}
- 33° from {111} for UR AA2090
* NOT hydrogen enhanced deformation band cracking
* NOT matrix T, dissolution and decohesion

o Facets are not randomly oriented
- facet pole 15° from L for UR plate
- periodic facets for single UR plate grains
* Facets crystallographic near {521}



Potential Aqueous NaCl Damage Mechanism

o LiAlH, identified in the literature
- high purity Al-Li-Cu Alloys
- [421] beam direction

110 o

101

101

011

* 110



Aqueous NaCl Fatigue Conclusions

o Environmental influence dramatic compared to vacuum
- AK,, decreased
- multiple da/dN-AK power law slopes
- unique cracking profiles

o Microstructural dependence on cracking
- AK,, increased for RC sheet compared to other microstructures

o Facets crystallographic
- near {521} facetted cracking

o Cracking modes and da/dN-AK are not fully understood

- possibly explained with LiAlH, fracture
- further work needed

o da/dN-AK modelling require an improved understanding of damage modes







Project #2 Elevated Temperature Damage Tolerance of Advanced Ingot Metallurgy
Wrought Aluminum Alloys

Michael J. Haynes and Richard P. Gangloff

Objective

The goal of this study is to characterize the flaw damage tolerance of emerging ingot
metallurgy wrought aluminum alloys as a function of temperature and loading rate, to
establish the underlying mechanisms for time-temperature dependent fracture, and to predict

the initiation and growth toughness behavior through micromechanical modeling.

Technical Approach

Work for this reporting period concentrated on three 2000 series wrought aluminum
alloys. Alcoa provided two variants of AA2519, modified with additions of either 0.3 wt%
Mg or 0.3 wt% Mg + 0.5 wt% Ag, and in the form of 3.2 mm thick sheet. Pechiney
provided 6 mm thick plate of AA2650. Precipitates and microstructure were characterized
for each alloy through TEM and optical microscopy.

Slow rising load J-Aa curves were obtained for each alloy as a function of
temperature, over a testing period of approximately three hours, and employing 3.2 mm thick
compact tension specimens with a width of 10.2 cm. Plane strain initiation toughness Ko)
was obtained for each alloy and temperature from J;, the J-integral value corresponding to
direct current potential difference (DCPD) detection of the onset of crack propagation. We
believe that this measurement from a thin sheet specimen corresponds to a conventional plane
strain fracture toughness from a sufficiently thick specimen. Crack growth toughness was
estimated by the stress intensity level, from the total applied J-integral, at 5.0 mm of crack
extension. This value should be proportional to K. from a wide, cracked panel experiment.
Fracture surfaces were analyzed to define the operating fracture mechanism(s).

UVa is participating in the NASA-LaRC sponsored interlaboratory experimental
program to characterize the room temperature fracture toughness of AA2024-T3 sheet.
Accordingly, we have tested 3.2 mm thick compact tension specimens of this alloy for K-Aa

curve comparison with data to be determined with wide centrally crack panels. Wide panel
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measurements will be performed at a variety of laboratories.

Current Status
Mr. Haynes joined the LA%ST program in September of 1992, and has completed six
of the eight classes required for the Master of Science degree in Materials Science and

' Engineering. The following research results were obtained since January of 1993,

Recent Results

TEM analysis revealed that the Ag addition to AA2519 promotes 2 as the primary
strengthening phase. In the AA2519 with additional Mg, 2 is formed, but 8°, S°, and 0
phases collectively strengthen the alloy. S’ formed as the primary strengthening phase in
AA2650, analogous to precipitation in AA2618. Optical metallography showed a
recrystallized grain structure for each alloy.

Room temperature J-Aa results show that the Kjc values for the three advanced IM
alloys are greater than AA2618 and RS P/M AA8009 (two alloys previously studied at UVa).
The room temperature crack growth toughnesses (assessed by K.) of the two variants of
AA2519 are superior to that of AA2024-T3, while the damage tolerance of AA2650 is
slightly inferior.

Kic for 2519 + Ag is essentially independent of temperature between 25 and 175°C,
while that of Mg modified AA2519 exhibits a mild maximum at about 100°C before
declining at 175°C. The temperature dependence of K for AA2650 is similar to that of Mg
modified AA2519. The crack growth toughness of each AA2519 variant initially increases
and then falls as temperature increases to 175°C. Toughness decreases less rapidly for the
alloy with the Ag addition, suggesting that Q is more thermally stable than ©’ in the context
of time-temperature dependent crack growth. AA2650 showed an increased crack growth
toughness at higher temperatures.

Microvoid coalescence was identified as the fracture mechanism for each alloy at all
temperatures. Fracture surfaces contained a duplex distribution of voids; 10 to 30 um
diameter dimples were associated with constituents or primary phases, and 1 to 5 pm
diameter dimples were possibly affiliated with dispersoids or precipitates. SEM fractography
revealed that as the temperature increased, the smaller sized dimples increased in size for

AA2519 with Mg + Ag. This implies an expanded role of void sheeting in the fracture
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process which may possibly account for the lower crack growth toughnesses at high

temperatures.

Milestones

Future work will be aimed at characterizing the time-temperature dependence of crack
growth, with particular attention towards the role of creep deformation in the fracture
process. Consequently, the initiation and growth toughnesses will be assessed over a range
of grip displacement rates at 150°C for AA2519 (Mg + Ag). Tests will vary in length from
a few minutes to approximately a week. Fracture toughness tests will also be performed at
cryogenic temperatures for each alloy.

Uniaxial compression and Bridgman notched bar tensile experiments will be employed
to provide input for modeling the initiation and crack growth toughnesses. Each test will be
applied over the full range of temperatures, the compression test utilizing a recently built

high temperature compression fixture.

Presentation Viewgraphs
1. Title.

2. The challenge for HSCT materials: develop an aluminum alloy that is thermally stable
to high temperatures and maintains a high level of toughness. This is a summary plot
of AA8009 data showing the deleterious decrease in toughness with increasing

temperature.
3. Project objective and presentation outline.
4, Schematic drawing depicting the experimental set up for fracture toughness testing of

C(T) specimens. Load, crack length from electrical potential and crack mouth opening
displacement are digitally recorded for input to the calculation of J versus Aa.

5. Linear elastic stress intensity (K) versus crack extension (Aa) R-curves for the NASA
sponsored round robin characterization of AA2024-T3, derived from the small scale
yielding analogy of the J-A curve. Note the reproducibility of the J-Aa measurements.

6. Compositions of the alloys studied (AA2024, AA2650, AA2519 w/Mg, and AA2519
w/Mg + Ag).

7. Optical micrographs of the AA2519 variants at magnifications of 50X and 200X,
showing the recrystallized grain structure and distribution of constituents.
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10.

11.

12.

13.

14.

1S.

16.

17.

18.

19.

TEM micrograph of AA2519 w/0.5 wt% Mg + 0.5 wt% Ag, showing the high
density of 2 phase.

Bright Field and Dark Field TEM micrographs showing the strong presence of S°, @°,
and Q phases in AA2519 with additional Mg.

Optical and TEM micrographs of AA2650 showing recrystallized grain structure and
S’ strengthening phase, respectively.

Table summarizing the major strengthening phases, grain structure, room temperature
yield strength, and ageing practices for the three alloy systems. The characteristics
of the three precipitates are also shown.

Room temperature J-Aa curves for the four alloys tested, demonstrating the greater
crack growth toughness of the modified 2519 alloys. The change in shape of the
initial portion of the R-curve may be due to a decrease in the proportion of plane
strain cracking and an increase in plane stress crack growth. Substantial plane strain
crack growth, normal to the applied loading axis, was observed for the crack
initiation and early growth stages of the R-curve. Crack growth was entirely along
planes inclined at about 45° to the loading axis for Aa values above the upper
inflection point for each curve.

Table of plane strain fracture toughnesses, K¢, as a function of temperature for five
aluminum alloys, as characterized by the rising load J-Aa method at UVa. Al Kic
values are derived from the J-integral value at the onset of crack growth measured by
DCPD.

Ranking of the room temperature plane stress crack growth toughness of each of the
four alloys tested, based on a linear elastic plane stress K. value corresponding to a
crack growth of 5 mm.

SEM fractography of room temperature crack surfaces within the plane strain
initiation region for the three advanced alloys. The fracture mode is microvoid
coalescence with a duplex distribution of dimple sizes. The low magnification SEM
micrograph (upper left) shows the transition from plane strain fracture at the precrack
to fully plane stress fracture.

J-Aa data for AA2519 w/Mg & Ag as a function of temperature. These data
demonstrate a decrease in crack growth toughness at high temperatures.

Kic values for each alloy composition and temperature. Note that Ag bearing
AA2519 retains K¢ at elevated temperature, at least for a three hour loading period.

Slide #2, including Kic data for AA2519 w/Mg & Ag plotted with triangles.

Summary of K¢ values for each alloy and temperature. Note the superior high
temperature crack growth toughness of the AA2650 alloy. Also note the better
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20.

21.

22,

23.

24,

thermal behavior of Ag bearing AA2519 relative to the non-Ag bearing variant.

SEM fractographs of AA2519 w/Mg + Ag showing the morphology of the plane
strain initiation region as a function of temperature. Note the increased size of the
smaller sized population of dimples as temperature increases, implying an expanded
role of void sheeting in crack growth.

Micromechanical modeling based on the critical plastic strain controlled model (after
McClintock, MacKenzie et al. and Ritchie et al.). Simplified expressions from the
model utilize tensile reduction in area and a constraint factor to predict the
temperature dependence of Kj¢.

Predicted K- versus temperature compared to measured K. values for AA2519
w/Mg & Ag.

Conclusions

Future Work
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ELEVATED TEMPERATURE DAMAGE TOLERANCE
OF ADVANCED INGOT METALLURGY WROUGHT
ALUMINUM ALLOYS

Michael J. Haynes and Richard P. Gangloff

Funded by NASA Langley Research Center
W.B. Lisagor, Project Monitor
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tiv

Characterize the flaw damage tolerance of advanced ingot
metallurgy aluminum alloys as a function of temperature and loading
rate, and establish the underlying damage mechanisms

Qutline

Experimental Procedures

Materials and Microstructural Characterization
Toughness Results and Fractography
Conclusions

Future Work



Schematic of Fracture Toughness Experimental Setup
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Alloy Compositions

Cu Mg Mn Ag Zr \'J Fe Ni Si

AA2024-T3 4.4 1.5 0.6 — - —— — - -—

AA2519-T87 w/ Mg 5.83 | 0.52 | 0.30 — 0.15 | 0.10 — — -

AA2519-T87 w/ Mg, Ag | 5.75 | 0.52 | 0.30 | 0.5 | 0.16 0.09 — - —
AA2650-T6 271 | 1.64 — — — — 0.20 | 0.21 | 0.21
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Alloy 2024-T3 | 2519-T87 | 2519-T87 | 2650-T6
w/ Mg |w/Mg,Ag
Strengthening Phase(s) S’ S,0,Q Q S’
Other Precipitates (34 -~ e, s’ &
Grain Structure -- RX RX RX
oy, at27 °C (MPa) 390 476 485 405

Aging Time/Temperature

3hrs/ 177°C

3hrs/ 177°C

20hrs/ 190°C

8 - AL,Cu Plates, {001}

Q - AlLCu Plates, {111}

S’ - AL,CuMg Needles, {012}; {001}
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Plane Strain Fracture Toughnesses of Aluminum Alloys

K. (MPavm)
Test 2519 2519
Temperature 8009 2618 2650 w/ Mg |w/ Mg,Ag
(°C) Plate Plate Sheet Sheet Sheet
27 27.4 20.1 27.8 30.5 30.9
75 31.9
100 20.0 29.3 34.1
150 31.7
175 10.1 20.0 25.1 25.4 30.9
Test Time 15 Minutes | 15 Minutes | 3 Hours | 3 Hours | 3 Hours

® All K values are derived from DCPD J, values
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Room Temperature SEM Fractographs
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Fracture Toughness, K . (MPavm)
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AA2519 w/ 0.5 Wi% Mg + 0.5 Wi% Ag
2.3 mm Sheet




Critical Plastic Strain-Controlled Model]

KIC o (l* Oys E EF)"/2

g = (1/y) {-In (1 - RA)}



nclusion

Modified AA2519 alloys show highest damage tolerance at 25 °C.
At 175 °C, AA2650 exhibits superior damage tolerance.

Q phase strengthened AA2519 displays significantly higher initiation and
crack growth toughnesses than @’ strengthened AA2519 at 175°C.

The fracture mechanism for all alloys at every temperature was microvoid
coalescence for test times of 3 hrs.

" Fracture surfaces contain a duplex distribution of dimples; 10-30 pm
dimples associated with 5-10 pm constituents and 1-5 pm dimples
possibly affiliated with dispersoids/precipitates.

The smaller sized population of dimples increased in size as temperature
increased, implying an augmented role of void sheeting in crack growth.




Future Work

Perform slow strain rate tests at high temperatures to identify the role of
time-temperature dependent "creep” crack growth in the fracture process

Correlate the initial slope of the J-Aa curve to the plane strain-plane
stress transition in fracture mode

Perform notched bar and compression tests to model initiation and
growth fracture toughnesses

Characterize fracture toughness of AA2650 and AA2519 alloys at
cryogenic temperatures



Project #3 Cryogenic Temperature Effects on the Deformation and Fracture of Al-
Li-Cu and Al-Li-Cu-In Alloys

John A. Wagner and R.P. Gangloff

Objective

The objective of this PhD research is to characterize and optimize the crack initiation
and growth fracture resistance of Al-Li-Cu (alloy 2090) and Al-Li-Cu-In (alloy 2090 + In)
for cryogenic tank applications. The program aims to understand microscopic fracture
events; as influenced by ambient to cryogenic temperatures, stress state and microstructure.

A specific goal is to determine the mechanism of transgranular shear (TGS) fracture.

Status

Work in this project has been focusing on the details of the mechanisms associated
with fracture of 2090 at ambient and cryogenic temperatures. Crack growth resistance was
correlated with fracture and grain morphology under nominal plane stress and plain strain
conditions for tests conducted at 25 and -185°C to define the physical basis for fracture.
Relative grain orientation in the region of TGS fracture was investigated to gain insight about

the underlying fracture mechanisms.

Recent Results

The 2090-T81 plate studied in this investigation exhibited four different fracture
modes: '
-High angle grain boundary delamination
-TGS fracture
-Intersubgranular (ISG) cracking

-Slip band cracking SBC)
Delaminations occur along high angle boundaries at both 25 and -185°C for 12.0 mm

thick compact tension specimens in the LT orientation. At both temperatures there is a dual

distribution of delamination depths. However, at -185°C there are fewer but deeper large
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delaminations and more numerous small delaminations. The increased tendency for
delamination fracture at -185°C is attributed to increased through-thickness stresses and
possibly to a change in the interaction of slip bands with grain boundaries at cryogenic
temperatures.

TGS occurred between delaminations, traversing numerous grains of apparently
different orientations as shown by backscattered electron (BSe’) and cross polarized light
imaging techniques. The initiation of TGS fracture presumably occurred due to SBC.
Localized SBC was more apparent at cryogenic temperatures.

In regions in which the subgrain boundaries were heavily decorated with precipitation,

fracture was typically intersubgranular.
Milestones
Future work will focus on completing the development of a physical model to describe

the evolution of fracture in 2090-T81 at ambient and cryogenic temperatures.

Presentation Viewgraphs

1. Title.

2, Problem statement and program objective.

3. Presentation outline.

4, The microstructure of the 2090-T81 19.0vrmm plate is unrecrystallized with pancake-

shaped grains elongated in the rolling direction. The 2090 + In-T6 also has an
unrecrystallized microstructure, but with copious boundary and subgrajn boundary
precipitation.

5. Summary of the salient findings on the tensile and fracture behavior of 2090 + In-Té6.

6. The primary focus for this reporting period is on 2090-T81. The microstructure
about the midplane was investigated by electropolishing specimens and examining in
the SEM under BSe™ conditions.

7. Fracture toughness behavior of 2090-T81 was investigated using the J-Integral single
specimen unloading compliance technique. This chart shows the results of specimens
tested under primarily plane stress conditions with their corresponding full-thickness
fracture cross sections. For the 1.6 mm specimens, there is a modest increase in the
initiation and growth toughnesses, Ji. and Ty at -185°C.

A
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10.

11.

12.

13.

14.

1S.

Similar to the results on 1.6 mm specimens, 12.0 mm specimens with side grooves
exhibit an increase in initiation toughness and growth toughnesses at cryogenic
temperatures. However, the magnitude in the increase of J,. and Ty for the 12.0 mm
specimens from 25 to -185°C was significantly greater compared to 1.6 mm
specimens.

To compare the fracture stress of grain boundaries, subsized tensile specimens were
tested in the ST orientation. Results indicate that the strength of the boundaries does
not decrease at -185°C, but actually increases slightly.

Fracture in 2090-T81 exhibits four dominant fracture modes:
- Delamination
- Transgranular shear (TGS) fracture
- Intersubgranular (ISG) fracture
- Slip band cracking (SBC)

This chart shows delaminations along with TGS fracture in matched pairs of SEM
fractographs together with the corresponding etched cross sections of the grain
structure. In the location marked A is a small delamination with shear fracture across
two grains. Location B is also a region of TGS fracture which shows that the shear
fracture can propagate across several grains before arresting.

To qualitatively examine the orientation of grains in the region of fracture where TGS
was the dominate fracture mode, cross sections of 12.0 mm specimens tested at 25°C
were electroetched and examined in cross polarized light or electropolished and
examined in the SEM BSe- mode. The figure shows that in the region of TGS
fracture several grains of apparently differing orientation have been traversed by a
shear crack.

Electron Back Scattering Pattern analysis of grain orientation has been used previously
to study 2090-T81 plate. This is a result from the work by Slavik on a different lot
of 19.0 mm plate, nominally processed in the same manner as the material in the
current investigation. The chart is the intersection of a fatigue fracture surface with
the grain structure and shows the large orientation difference between grains.

Fracture in areas which had a well defined substructure, in general, was characterized
by ISG fracture. On the right side of cross sections in the figure is a region where
fracture has been confined to a single grain in which the subboundaries are, in
comparison, not decorated.

At -185°C, the yield strength of 2090-T8]1 is elevated and results in an increase in the
through-thickness stresses. Higher stresses build up at grain boundaries and result in
more numerous grain boundary delaminations at cryogenic temperatures.

To study the progression of fracture in alloy 2090-T81 at -185°C, notched tensile

specimens were tested in the longitudinal direction. Specimens were loaded close to
the failure load and then sectioned at the midplane for examination.
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16.

17.

18.

19.

20.

21.

These are sectioned notched tensile optical and BSe images. The bottom three
photomicrographs are of the smaller crack which is more centrally located. The crack
tends to primarily follow grain boundaries typical of delamination fracture.

More insight into the progression of fracture was obtained by examining the cross
section of specimens tested to failure. The bottom left photomicrograph shows two
delamination cracks along boundaries being linked up by a shear crack similar to
what was observed in fracture toughness specimens. The photomicrograph on the
right shows cracking along decorated substructure.

Individual fracture toughness tests were conducted at intermediate temperatures
between 25 and 185°C. The largest increase in toughness, as suggested by the R-
curve behavior occurs between -155 and -185°C.

K| values calculated from J;, values plotted against temperature again show the largest
increase in toughness at -185°C.,

The tearing resistance which is related to the slope of the R-curve in the region of
stable crack growth is plotted against temperature in this chart. There is a more
gradual increase in the tearing modulus with decreasing temperature compared to the
initiation toughness.

Summary.
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FRACTURE OF Al-Li ALLOYS
2090 AND 2090+In AT
CRYOGENIC TEMPERATURES

John A. Wagner
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FRACTURE OF 2090 AND 2090+In ALLOYS

Problem

« No systematic investigation conducted to determine the
interactive effects of:

« Temperature

« Delamination
 Indium addition
« Microstructure

on the fracture of 2090-based alloys

Objective

 Determine the influences of microstructure, stress state
and temperature on the occurrence of various fracture

modes in Al-Li-Cu-X alloys. Understand the mechanism(s)
associated with transgranular shear fracture



FRACTURE OF 2090 AND 2090+In
ALLOYS AT CRYOGENIC
TEMPERATURES

Outline

Summary of tensile and fracture properties of
2090+In-T6

Correlation of structure/property/fracture
morphology of 2090-T81

Intermediate temperature tests

Future direction

frctr 2090 & 2090+in




MICROSTRUCTURES OF PLATE ALLOYS




TENSILE AND FRACTURE BEHAVIOR
OF 2090+In-T6

Summary

Indium additions to 2090-based alloys increase Tq{ number
density with no change in yield strength

Toughness of 2090+In-T6 at ambient and cryogenic is low
and characterized by intersubgranular fracture

Delamination fracture occurs at cryogenic temperature for
plane strain case, but does not change the fracture
toughness

Thermal treatments employed to increase toughness of
2090+In-T6 were unsuccessful

tnsl & fretr bhvr



THROUGH THICKNESS GRAIN
STRUCTURE OF 2090-T81




R-CURVES FOR 1.6MM 2090-T81 SPECIMENS
TESTED AT 25°C AND -185°C
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R-CURVES FOR 12MM 2090-T81 SPECIMENS
TESTED AT 25°C AND -1 85°C
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SHORT TRANSVERSE TENSILE PROPERTIES OF 2090
AT 25° AND -185°C
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CROSS SECTIONS OF TRANSGRANULAR SHEAR
FRACTURE REGION IN 2090-T81

20um 10pm
Backscattered Cross polarized light image
electron image
Figure 5



ETCHED GRAIN BOUNDARY MISORIENTATIONS
IN 2090-T81 FROM SLAVIK

A
59° 29° [44°
57° 43°




e L e e
- s ‘A('r‘*ug‘

INTERSUBGRANULAR FRACTURE AND
AND SLIP BAND CRACKING 2090-T81
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Figure 3



FRACTURE CROSS SECTION

185°C,

-T81 TESTED AT
CROSS POLARIZED LIGHT IMAGE

OF 2090
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NOTCHED TENSILE SPECIMEN AND TYPICAL
LOAD-DISPLACEMENT PLOT
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OPTICAL AND BACK SCATTERED IMAGES OF THE
MIDPLANE OF INTERUPTED NOTCH TENSILE
TEST AT -185°C

ptcl & bek scttrd mgs




CROSS SECTION OF NOTCHED TENSILE
SPECIMEN TESTED TO FAILURE AT -185°C




R-CURVES OF 12MM THICK SPECIMENS
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FRACTURE TOUGHNESS, Kic, OF 12MM
THICK 2090-T81 AS A FUNCTION OF

TEMPERATURE
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TEAR RESISTANCE OF 12MM THICK 2090-T81
AS A FUNCTION OF TEMPERATURE
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FRACTURE OF 2090-T81 AT CRYOGENIC
TEMPERATURES

Summary

Fracture in 2090-T81 is characterized by four fracture modes:
- Intersubgranular
- Slip band cracking
- Delamination
- Transgranular shear

For a given thickness, the difference in toughness from 25° to -185°C
is related to a change in fracture mode

All 2090-T81 specimens exhibit an increase in toughness at -185°C
and is primarily associated with an increase in the level of
delamination

Transgranular shear fracture across multiple grains of different
orientations suggests a macroscopic shearing event and not
cooperative slip band cracking



TRANSGRANULAR SHEAR FRACTURE
IN 2090-T81 AT -185°C
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Project #4  The Effect of Cryogenic Temperature on the Fracture Toughness of
Weldalite™ X2095
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